Altered Expression of Rabies Virus Antigenic Determinants Associated
with Chronic Infection and Virulence (Accepted 8 July 1982) SUMMARY Rabies virus may be cultivated in cell culture systems that either enhance the virulence of progeny virus (productive infection of neuroblastoma cells) or lead to attenuation (maintenance in chronically infected cell systems). Our studies using 19 monoclonal antibodies that react with glycoprotein and 19 monoclonal antibodies that react with nucleoprotein have shown that these laboratory-induced changes in the biological properties of rabies virus are accompanied by changes in their antigenic phenotype.
We have recently described two systems for the laboratory propagation of fixed rabies viruses that consistently lead to heritable alterations in major biological properties of the virus (Clark, 1979; H F. Clark & N. F. Parks, unpublished results) . (i) Serial subculture of mouse neuroblastoma (NA) or cow brain (CB) cells surviving an original, acute cytopathic infection with challenge virus standard (CVS) strain of rabies virus leads to the establishment of chronically infected cell cultures characterized by continued production of nucleocapsid protein but little or no maturation of infectious virus. Virus can be rescued from these cultures either by cocultivation with BHK-21 cells (serial subculture of such co-cultivated cells leads to rapid reestablishment of a non-productive chronic infection of BHK-21 cells) or by inoculation of newborn mice. This rescued virus exhibits a greatly reduced potential for replication in BHK-21 cells or in mice. (ii) We have also demonstrated that attenuated high egg passage (HEP) Flury strain of rabies virus may rapidly acquire greatly enhanced pathogenic potential for adult mice following a few passages of released virus in NA cells (Clark, 1978 (Clark, , 1980 . We report here studies to determine whether these remarkable laboratory-induced biological changes in rabies virus may be accompanied by changes in the antigenic phenotype detected by a panel of monoclonal antibodies. We used a standard panel of 19 monoclonal antibodies directed against virus nucleoprotein (Np) (Flamand et al., 1980a) and 19 monoclonal antibodies directed against glycoprotein (Gp) (Flamand et al., 1980b) which were kindly provided by Dr T. J. Wiktor. Fewer Gp epitopes were detected in persistently infected cultures. Furthermore, differences in both Gp and Np epitopes were detected both following passage of attenuated HEP Flury rabies virus in NA cells, which results in increased virulence (Clark, 1978) , and following maintenance of rabies virus in chronically infected cells, which frequently leads to reduced virulence.
Antigenic analyses of various virus preparations were carried out using an enzyme-linked immunosorbent assay (ELISA). To establish the validity of the test, we initially determined that the reactivity pattern of a standard purified HEP Flury virus in ELISA was identical to that established by radioimmunoassay (RIA) (Flamand et al., 1980a, b) . In addition, the ELISA reactivity pattern of purified HEP Flury virus was compared with that of HEP Flury virusinfected BHK cell extract. Virus-infected cell extracts served as a valid source of straincharacteristic antigens (see Table 2 ), although an occasional epitope of the purified virus preparation was not detected in the cell extract, at a standard 1 : 5 dilution. We found this to be a concentration phenomenon since these epitopes were detected at a lower dilution of the antigen.
BHK cells were chronically infected with CVS virus by co-cultivation with chronically infected CB3 cells (cow brain-derived cells, predominantly fibroblasts). The BHK cells rapidly overgrew and replaced the CB3 cells but continued to exhibit uniform expression of rabies virus 0022-1317/83/0000-5181 $02.00 O 1983 SGM Short communications 
--+ * Preparation of antigens was as follows. (i) Acute infections. Confluent monolayers of BHK or NA cells grown in a T75 tissue culture flask were infected with rabies virus at an m.o.i, of 1. Parallel cultures were plated on coverslips to monitor virus antigens. Each day post-infection, coverslips from each culture were stained with fluorescein-conjugated polyclonal anti-rabies antibody. Cultures with more than 80% of the cells infected were used as targets. Medium was discarded and the cells were washed twice with phosphate-buffered saline (PBS). The cells were suspended in 2 ml PBS, frozen and thawed, and then sonicated to provide cell extract. This preparation was considered as undiluted antigen. All antigens were used at a dilution of 1:5, based upon titrations using polyclonal antisera. (McMorris & Ruddle, 1974) . Preparation for ELISA was as follows. Microtitre plate (fiat-bottomed) wells were coated with 50 ~tl antigen by incubating overnight at 37 °C. To reduce non-specific binding of immunoglobulins, antigen-coated wells were pretreated with PBS containing 10% gammaglobulin-free horse serum (HS) for 30 min at room temperature. To these wells 25 lal of a given monoclonal antibody was added and incubated for 1 h at room temperature. After washing the wells three times with PBS supplemented with 1% HS (PBS/HS), a 50 p~l amount of anti-mouse immunoglobulin labelled with peroxidase (Cappel Laboratories. Cochranville, Pa., U.S.A.) and diluted in PBS containing 0.1% gelatin (Seakem) was added and the mixture incubated for 1 h at room temperature. The wells were washed six times with PBS/HS and 100 ~tl of the freshly prepared substrate [10 mg orthophenalamine diamine (Sigma) and 3-3 p.133-3 % hydrogen peroxide in 10 ml citrate buffer pH 4.5] was added to each well. The reaction was stopped after 30 min by adding 100 p.1 0.1 M-sodium fluoride. The plates were read using a Titertek Multiskan (Flow Laboratories) with a 405 nm interference filter. A negative control (monoclonal antibodies against influenza) showed a maximum value of 0.11. All values above twice that of the control were considered positive. Anything between the control values and twice this value was considered +.
t Definition of infectious potential: high, > 1 p.f.u./cell in extract; low, <0.01 p.f.u./cell in extract; none, <0.00001 p.f.u./cell in extract.
Definition of virulence: high, > 1 adult mouse LDso/p.f.u. ; low, <0-01 adult mouse LDso/p.f.u. ; none, no infectivity detected in newborn mice.
§ Total number of hybridoma antibodies in panel giving the designated pattern of reactions. Group designations are arbitrary based upon data internal to this experiment only. nucleocapsid for more than 100 passages (CVS-CB3/BHK cells). These cells produced no detectable virus particles. Only one monoclonal anti-Np antibody detected a difference when compared to acute infection (CVS-BHK) and no Gp epitopes were detected by our ELISA test (Table 1) . In NA cells chronically infected with CVS virus for 100 passages, but producing very low titres of infectious virus (CVS-NA), again change in only one Np epitope was noted. However, several antibodies to Gp detected changes: three reactive epitopes were detected in addition to those typical of parental type virus (CVS-BHK), while four parental Gp epitope sites were no longer detected. We believe that these changes in the expression of epitopes are not caused by a random process attributable simply to multiple passages. Wiktor et al. (1980) reported that two strains of CVS of identical origin retained identical patterns of reactivity after extensive passage in different laboratories. Spontaneous alteration following productive infection of numerous fixed strains during multiple passages in BHK cells has not been detected in our laboratory. 
.... + * For preparation of antigens and ELISA, see also footnote to Table 1 Table 1 ). Virulence, ability to kill adult mice after intracerebral inoculation; very low, deaths induced in newborn mice only (for other definitions, see footnote to Table 1 ).
§ Total number of hybridoma antibodies in panel giving the designated pattern of reactions.
In the second set of cultures, acute infection of BHK cells with HEP virus (HEP-BHK) was compared with chronic infection by the same virus in NA cells (HEP-NA), and chronic infection of BHK cells with virus rescued from chronically infected NA cells (HEP-NA/BHK). A number of new epitopes in Np were detected following chronic passage in NA cells (Table 2) ; these were subsequently retained in other host systems (e.g. HEP-NA/BHK, and other examples not shown) indicating that they do not represent simply incorporation of host cell antigens. Although 17/19 and 14/19 Gp specificities in HEP-NA and HEP-NA/BHK respectively were similar to that of parental type, other specificities differed with no obvious discernible pattern.
In contrast to the above comparisons, acute infection of human strain 134 neuroblastoma cells (Schlesinger et al., 1976) with HEP virus (HEP 134NB) was associated with acquisition of seven and six new epitopes on N and G proteins respectively, a dramatic change in the physical composition that was concomitant with change from avirulence (inability to kill adult mouse after intracerebral inoculation) to virulence in adult mice. The acquisition of several new Np antigenic specificities of HEP virus passaged in strain 134 human neuroblastoma cells paralleled a similar observation noted following chronic passage of this virus in NA cells. The HEP virus passaged chronically in NA cells also initially exhibited enhanced virulence. This study clearly demonstrates that altered expression of antigenic determinants appears concomitantly with changes of the biological properties of rabies virus that result from passage in chronically infected systems or from acute passage in neuroblastoma cells. Although previous studies have demonstrated the existence of antigenic variants of rabies virus detectable with monoclonal antibodies (Wiktor & Koprowski, 1980) , such variations have not been associated with changes of biological properties of virus. Our observation of changes in numerous virus epitopes in rabies virus maintained in chronic infection parallels observations of multiple changes in the genome of the vesicular stomatitis rhabdovirus detected by oligonucleotide Short communications mapping of viruses maintained in prolonged persistent infection (Holland et al., 1979) . The investigation of polypeptide structural alterations (and possibly their functional role as well) may eventually be amenable to further studies with defined monoclonal antibodies. Further directed studies are necessary to determine whether changes of specific epitopes of rabies virus associated with acute passage in neuroblastoma cells, or with chronic passage in diverse cell types, may be correlated directly with changes in the emerging virus phenotype.
We thank Dr T. J. Wiktor for his generous support and cooperation in the performance of this study. We also wish to acknowledge the invaluable advice of Drs Neal Nathanson and Walter Gerhard in preparing this manuscript. This work was supported in part by USPHS grants AI-09706, CA-09410 and NS 16010. 
1Department of Microbiology

